K li.4!FIES tc7' .I/, tempvraturc~. \vas usually (but, riot invariably) c~llric~h(~d for KT\;A specie M ith apparent 5' termml mapping in the replication origin rrgiou. as M PII as for town longer WAS.
The 5' termini of polyoma virus early region transcripts synthesized during the productive infection of permissive mouse cells by wild-type or tsa virus. and thosr expressed in a variety of transformed rodent cell lines. have been mapped on the viral genome. Results were obtained using the 8, nuclrase and primer extension gel mapping procedures. Principal 5' ends of cptoplasmic polyadenylated mRNAs in evrry instance mapped between nucleotides 145 and 156 (numbering according to Soeda rt G/., 1980) in the DNA sequence. 17 to 28 base-pairs before the translational initiation codon for early proteins and 26 to 37 base-pairs after a sequence agreeing with the TATA box consensus. Our data implied a minimum of two different termini with this region of the genome. at, nucleotide 147 $2 and at 152 f2. The 5' ends at 147 + 2 were particularly common in the mRNA overproduced after thermal inactivation of the large T protein at late times during infection. The sequences determining the principal 5' t,ermini. unlike the analogous sequences in the closy~~ related simian virus 40 (SV40). are distinct from those involved in the viral orlgm of DNA replication.
A number of minor alternative 5' termini of cytoplasmic mRNAs. located I)oth before and after the principal 5' ends. were also det'ec+d. Of those downstream from the principal termini, one at nucleotide 3OOf2 a-as prominent. Although this apparent 5 end is well within the early protein coding seque~~rc. it occurs at a posit,ion 31 f 2 base-pairs aft,er a second TATA box. The several minor apparent 5' termini mapping upstream of the principal termini wcurrrd primarily in the vicinity of the highly conserved papovavirus DNA replication origin sequencr. This sequence includes a third TATA box. Two of the minor 5' termini. at 14 + 2 and at 2Ok2. were near the cnnsrnsus distance from this TATA box. but the others mapped within or before it. Early region mRNA extract,ed at la& times from the cytoplasm of cells infected with wild-type virus. or with tsa virus at the permissiw
Introduction
The early region of polyoma virus DNA is a single transcription unit. determining three principal mRNAs ( Fig. 1 : Kamen et al.. 19SOh) . These messenger RN.-\s differ in the location and extent of an internal region removed lyv R'NA splicing. hut share common 5' and 3' termini.
k$'e recently described t,he cloning and sequencing of partial complementary copies of the mR;lr'r\s. whic*h allowed precise assignments of the three different splice junctions (Treisman rf al.. 1983 ). Considerat~ion of available open codon reading frames permit'ted us to determine which messenger encoded each of the three known viral early prot~eins (Fig. I ) . As the first st,ep in the identification of I)R'A sequence elements that comprise the early region transcriptional promoter, we now present the detailed mapping of the several ,5' termini of t,he mRNAs wit,h respect to t,hr known viral DN. We mapped the 5' termini by three independent but complementary approaches. Two indirect, procedures. nuclcasc S, gel mapping (Berk & Sharp. 1977 : Sollnw LVebb $ Reeder. 1979 K'eaver & Weissmann. 1979 ) and reverse transcriptaw primer extension (Ghosh it al., 19X&l) , were used to compare cytoplasmic and nuclear transcripts from cells infected by wild-type virus or bp an early region t~emperature-sensitive mutant under different growth wnditions. The sensitivity of the indirect procedures also permitt,ed us to map awurat~ely the 5' ends of viral transcripts in a variety of polyoma virus-transformed cell lines. These results art present,ed her?. ?r'o indirect. method, however. exactly det,ermines the first nucleotide of a transcript, or distinguishes (sapped from other 5' t,ermini. This was We therefore have further analysed directly the ends of (5'-?)-labelled viral RNA using the procedure described by Cowie et al. (1981) : t'hese experiments will be presented separately (Cowie et al., 1982 . accompanying paper). The principal capped 5' termini localized by all three approaches mapped within a genomic region previously identified (Bendig et al.. 1980) as dispensable for productive viral infection or transformation. It was therefore important' to analyse the 5' ends of the early region mRNAs synthesized by several of the viable deletion mutants that defined this non-essential region. These experiments showed that. neither the Hogness-Goldberg TATA box, which usually occurs approximately 31 bases before cap sites (for a review, see Breathnach B Chambon, 1981) . nor the wild-type cap sites, are required for efficient viral early gene expression in GVO. The significance of this result in relation to similar findings with other transcription units (Grosschedl 8: Birnstiel, 198Oa,b: Benoist & Chambon, 1981 : MeKnight, et al.. 1981 . and with regard to the identity of DNA sequence elements specifying t,ranscriptional initiation, will be discussed.
Materials and Methods
Much of the methodology used in our laboratory for t)hr study of polyoma virus transcripts has heen described in considerable detail (Favaloro ul ml.. 1980 (Cogen, 1978) . Within a few hours after a shift from t'he permissive to the non-permissive temperature, the abundance of early region mRNAs in the cytoplasm approaches that' of the late messengers (Kamen rf al.. 1980a.h ). The repressor activity of purified SV40 large T protein has been demonstrated directly using transcription syst'ems in ritro (Rio of a,l.. 1980 : Myers et al., 1981 Hansen et al., 1981) .
We exploited this regulatory system to obtain cytoplasmic polyadenylakd RSA enriched for viral early region transcripts.
Mouse cells were infected with the large T protein mutant tsa (Fried, 1965) Figure 4 .
Two major S,-resistant DSA products were obtained after hybridization of txa shift-up mRNA to the HinfI DXA probe (Fig. 2(a) Fig. 2(a) , t,rack 4) or at 39°C (Fig. 2(a) , track 5). The yuantities of mRNA used in t'his experiment were adjusted to obtain approximately equal protection of the DNA probe% compensating for the difference in abundance bet'ween early region mRKAs from wild-type and tsa virus-infect'ed cells (see t'he legend to Fig. 2) .
The same principal S,-resistant products were obtained when increasing amounts of polyadenylated RNA purified from the polysomes of tsa shift-up cells were annealed to the HinfI probe ( Fig. 2(b) ). Th t e ,and designat,ed X in this and subsequent Figures is an artifact caused by incomplete nuclease digestion. It can be eliminated preferentially by use of higher enzyme levels (cf. Fig. 6 . tracks 1 to 4). \Ve attribute its occurrence to t'he DKA probe folding back on itself to form a short st)retch of imperfect DIVA-DNA duplex extending the correct lengt,h of a DP\'A-RSA hybrid. The significance of other minor S,-resistant products, particularly apparent in t'he overexposure of the gel patt'ern shown to the right of Figure (1980) . This is some 20 bases before the initiation codon thought t'o be used for translation of all three viral early proteins ( Fig. 2(b) ). These approximate assignments were confirmed by the results of the primer extension experiments shown in Figure 3 . With a primer DNA fragment labelled at the same H%?/fl site as the probe used in the S, nuclease experiments. a pair of extension produc%s with lengths indistinguishable (within the accuracy of t,his measurement) from the S,-resistant products were obtained with tsa shift'-up mRNA ( Fig. 3 , track 2). ('orrespondingly longer extension products were found using as primer a fragment labelled at a IMeT site 55 bases downstream from t,he Hi?lfI sit,e ( Fig. 3 . tracks 8 and 8'). Note t)hat no product corresponding to band ?i in Figure 2 (b) was seen in t)he primer extension studies. To localize the principal 5' termini more accurately, we used a DNA probe (the 11&T fragment indicated in Fig. 1 ) with a (5'-32P) label much closer to the expected positions. We found a bimodal distribution of products with single nucleotide spacing (Fig. 4 , track 3). While it is possible to specify precisely from this experiment the sites of S, nuclease cleavage, exact assignments of mRNA 5' ends cannot be made because of the ragged DNA 3' end of one to five bases normally observed after S1 nuclease digestion (Sollner-Webb & Reeder, 1979 : Weaver & Weissmann, 1979 Hentschel et al., 1980) . The data with tsa mRNA (Fig. 4 . tracks 3. 4 and 8) strongly suggest, however, that there must' be at least two alternative 5' ends at nt147 +2 and at 154+2. mRNA from wild-type-infected cells grown at 37°C' or 39°C (Fig. 4 , tracks 1 and 2) apparently had much less of the 5' end at nt.147 + 4, in agreement. with the HinfI results discussed above ( Fig. 2(a) , tracks 4 and 5). In this experiment (Fig. 4 , tracks 5 to 7) we also include results obtained with mRNA extracted from tsa-infected cells after only 12 hours of growth at 32"C, well before viral DNA replication or late region transcription can be detected. The low abundance of viral sequences in this preparat,ion necessitated the use of rather large amounts of RNA in the annealing reactions. The pattern of S, products closeig resembles that of tsa shift-up mRNA (compare tracks 7 and 3), but the lengths of t'he products corresponding to termini at nt154+2 increased by about two nucleotides with increasing RNA level (tracks 5 to 7). A similar effect was obtained with tsa shift-up RNA by lowering the S, nuclease levels (data not shown). This suggested that the n&ease, under our standard digestion conditions, removed some of four rA-dT or rU-dA base-pairs from nt.153 to nt156 at, t.he ends of the hybrid structures (see the sequence in Fig. 4 ). implying that the act,ual prinripal 5' end might be the A residue corresponding to nucleotide 153.
Several conclusions can be inferred from the data presented thus far. The principal 5' ends of polyoma virus early region mRXAs oc(hur approximately 26 to 37 base-pairs, 3' to a T-A-T-A-A-T-T-A sequence (ntl2O to nt127 : see Figs 2 and 4) t,hat strongly resembles the Hogness-Goldberg box consensus of T-A-T A( A/T)A(T/A) (Breathnach & Chambon. 1981) . The terminal microheterogeneit\ suggested by our results has also been found for other viral (Baker & Ziff. 1981 : Kahana rt al., 1981 : Haegeman Rr Fiers. 1980 : Ghosh & Lebowit'z, 1981 and cellular (Malek et al., 1981; Gretz cf al.. 1981) alternat,ive positions appears to change in favour of those at nt147 &X. closer to t.he TATA sequence.
Several S,-resistant DR'A products other t,han those mapping the principal 5' ends in the nt145 to ntl56 region of the genome were consist'ently found. The more abundant of these are discussed in this section: consideration of the others is deferred to sect'ion (e). below.
In experiments using the /fir/f1 probe ( Fig. I(h) . tracks 1 to 3: cf. also Fig. X(a) . mRNA track) a group of products approximately 90 bases long was found w&h every m RN.4 preparation examined. whether' wild-type or mutant. These would tnap a 5' cxnd at nt300f 2 in the DSA sequence. The reverse transcriptase primrt. extension experiment shown in Figure 3 (t'rack 8. t,he 14%nucleotide band) confirmed t)hat this was a 5' end rather than a site of internal S, cleavage. Inspection of the preceding DKA sequence revealed ('-A-T-A-T-&=\ (ntd70 to nt276) at the usual dist,an(ze for a Hogness-(:oldbrrg box before a cap sit,e. RSAs starting from this alternative site would lack the initiation codott (which is at nt.173 to nt,I75) believed to be used for translation of t,he early proteins. They could. however. encode truncated polypeptides not' detected thus far. The recovery of minor RNAs with this 5' end from polysomes ( Fig. 2(b) ) indicates that it would 1~ worthwhile to look for such proteins.
Exprritnents with tsa shift6up mKSA preparations also generatrd very minor S, -resistant, DSA produc%s longer than the princ+pal ones. These include a cotnplt~x set of I)SA products t,ha,t would map at least nine 5' ends between ttt5230 and nt526O ( Fig. 2(b) . particularly the darker exposure of track I . where the RSA \vas in excess rrlat,ivcb to the probe 11X.4 : see also faint bands near thr t)op of the ye1 shown in Fig. 1 . tracks 3 and 4). The locations of these ljutativc 5' ends can t)e deduced more accurately from the gels shown in Pigurta 12. and are indicated in Figure 11 . There was also RXX that protected nearly the full length of the lii~f'l 200 1~. KA.\iI:U F7' .I/ ,.I I probe ( Fig. 2(b) , dark exposure). indicating that there a.w further minor specic~s with 5' ends ext,cnding to unidentified positions within thr late rrgion of t)he genomr (see Fig. 1 ), Efforts to locate t,hese positions with thr IMrl probe (Fig. 1) . which wntains more latr region sequence (cf. Fig. 1 ), ucw unsucv3sful bwausr of K?l;.A-R,iYA annealing bet~wwn the minor long early RNA4s and the 5' portions ot abundant but c$omplemtwtary late region transcripts. Such K,S;\-KIT-4 partial duplexes. in S, mapping experiment#s, generat,e S, -resistant, I)SA products. which we ha,re previously t,ermed shadows (Favaloro rt nl.. 1980) . The origin of shadows is illustrated diagrammatically in Figure 5 . If the 5' ends of the minor long earl) mKSAs overlap the 5' ends of more abundant late mRNAs. the region of RN.4 RK\;X duplex t,hat forms during t,he annealing rea,ction pw\ents the "2t'-labrllwl. single-stranded DSA F u-o )e from hybridizing up to t.hc 5' end of' it.s RX.\ 1 c~omplement (SW Fig. 5 ). Because RNX-RNA duplexes are more stable than 1)X .A RXA hybrids, the -triple component, structurc~ shown in the diagram is high]! favoured. S, nucteasr digestion of this structure generates a lIS.3, producat that extends from the 32P-labetled 5' end of the probe to a position cMwminrd I)>, tht, probe DI;A strand. it is necessary to separately hybridize both strands of the DNA probe to the RNA sample. An example of such an experiment is also shown in Figure 5 . Here we annealed the E and the L-DNA strand of the H&f1 probe (see Fig. 1 ) t,o tsa shift-up RNA (tracks 1 and 2) or to RNA from wild-type virusinfected cells harvested 30 hours post-infection (tracks 3 to 6). The results obtained with the E-DNA strand (tracks 1 to 4) are equivalent to those shown above in Figure 2 . With the L-DNA strand probe (tracks 5 and 6), we detected only t,hree relatively minor DNA products (the smallest is best seen in track 10). These map the 5' ends of lat,e mRNAs closest t.o the early region at nt5169 to nt5172, nt5150 to nt5153 and nt5128 to nt5129 (Treisman, 1980) . The several major 5' ends of lat,e mRlZ'As are further from the early region (Cowie et rtl.. 1981) and are not. det,ected with the HilzfI probe, either because t.hey occur beyond it or t.oo close to the 5' label t.o form nuclease-resistant hybrid. We can conclude from the experiment shown in Figure 5 that there are no 5' ends of late mRNAs closer to the early region than nt5lXO t.hat are sufficiently abundant to cast shadows. However. we would expect t,o detect them beyond nt5170. W'e also include in Figure 5 similar cont,rol experiments for RNA extracted from cells infected with two of the viable deletion mut,ants (t,racks 7 to 10) discussed in section (e), below.
Returning to our discussion of the localization of the 5' termini of the minor longer mRNAs detected in tsa shift-up RSAs, we infer that with the lldeT probe (Fig. 4, track 3) , the longest S,-resistant product, (apparently mapping a 5' end at approx. nt5075) is a shadow of t.he 5' end of the repeated leader unit (Treisman. 1980) present, at. the beginning of each late mRSX: similarly. t,he two faint,er bands below the longest one on t,his gel are shadows corresponding t.o t.he late mRSX 5' ends det,ected in Figure 5 . track 6. We can therefore eonclude from these experiments only that some minor RSX molecules ha.ve 5' ends that ext.end into the late region of the genome.
Early region mRXAs with 5' termini mapping upstream of the principal ones w'ere always very minor in tsa shift-up mRNA preparations.
Indeed. they were detected in S, experiments only under conditions of relative RSA excess ( Fig. 2(b) . track 3) and were not apparent in other experiments ( Fig. 2(b) . track 1 : Fig. 6 . t.racks 1 to 4. 11 and 12) where band intensity was proportional to RNA abundance because t,he probe DSA was in excess. Hy cont,rast. early region polyadenylated RX&A extract,ed at 30 hours post-infection from the cytoplasm of cells infected with wild-type virus was commonly enriched for RSA with the upstrea.m 5' termini (Fig. 6 , tracks 5 to 8), as was the RNA from tsa-infected cells harvested after 36 hours at 32°C'. just before the temperature shift ( Fig. 6 . tracks 9 and 10). We established by the two-dimensional S, gel mapping experiments shown in Figure 7 (see the legend for a det,ailed description of these and their interpret'ations) that. at least a substantial proportion of the longer RN& were correctly spliced and had the normal polyadenylated 3' end. The possible origin and significance of these RX.4 species is considered further in t.he Diseussion. We not.e here, however. tha,t among a large number of RSA preparations made in his laboratory during the past few years. the yield of the longer species has been rather variable.
and indeed in some preparations of late RSA from wild-type cells harvested at 30 hours postinfection these RNAs were minor (for example. Nuclease S1 gel mapping experiments similar to those already described were also attempted with nuclear RNA. At late times of wild-type infection, there is such a large excess of continuous transcripts of the entire L-DNA strand that RPL'A-m RNA self-annealing effectively prevents detection of E-DNA strand transcripts (Fig. 8(b) , tracks 4 to 7; cf. Kamen et al., 1974) . At very early times of infection, there was too little viral nuclear RNA for fine-structure St mapping experiments. Useful results, however, were obtained with tsa shift-up nRNA, because under these conditions transcription of both DNA strands occurs at similar rates. The data shown in Figure 8 reveal significant quantitative and qualitative differences between tsa shift-up nRNA and mRNA. We were surprised to find that very similar amounts of S,-resistant DNA were obtained with 01 pg of total nuclear RNA (nRNA track in Fig. 8(a) ) and 0.3 pg of poly(A)-selected cytoplasmic RNA (mRNA track in Fig. S(a) ). More extensive quantitation of the S,-resistant DNA produced as a function of RNA concentration (data not shown), after correction for the relative recovery of cellular RNA in the total nuclear and cytoplasmic polyadenylated fractions, demonstrated that there was at least ten times more viral nRNA than polyadenylated cytoplasmic mRNA. This result did not reflect inefficient polyadenylation, because virtually all of the viral cytoplasmic RNA was recovered in the polyadenylated fraction. The predominant S, products obtained with the abundant nRNA were full-length protection of the HinfI DNA probe (Fig. 8(a) ) and a 380-nucleotide band ( Fig. 8(b) ) with the LJdeI probe. The 380. nucleotide product is the shadow of the repeat unit in the leaders of late mRNA precursors. DNA products (the 245 and 235 nt bands in Fig. 8(a) ), nRNA track. and the 63 to 73 nt bands in Fig. 8(b) ) corresponding to the principal 5' ends of mRNAs were detected with nRNA. but they were minor and enriched for the nt153 f 2 5' end. The 205 nt band seen principally under conditions of nRNA excess ( Fig. 8(b) , track 3) with the DdeI probe, and the corresponding 405. nt band found w&h the HinfI probe (Fig. 8(a) ) may result from S, cleavage at eight rU .dA pairs back from nt5268 to nt5275 (see Fig. 14) within continuous DNA-RNA hybrids (Hansen et al., 1981) .
Our interpretation of these nRNA results is based on the observation that, at late times of productive infection, the entire E-DNA strand of the viral genome is transcribed to yield giant tandemly repeated transcripts (Kamen et al.. 1971; Acheson & Mieville, 1978) . From the ratio of cytoplasmic to nuclear RSA. we conclude that' only a small fraction of this RNA is exported. We presume, but have not proved, that the original 5' end is capped and that' only the first copy of the early region, after cleavage and polyadenylation.
matures to become mRNA. Tht> rest of the RNA must be retained in the nuclei for eventual degradation. perhaps through a series of endonucleolytic cleavages. Therefore, the RNA we det)ect iu nuclei could be predominantly these residual sequences rather than mRS,-\ precursors.
The complex pattern of minor 5' ends seen with nRSA, under this hypothesis.
would be cleavage rather than start sites. To test this possibility. we recently examined the heterogeneous 5' ends of tsa shift-up nRSA by direct RSA analysis. We found that only t'hose 5' ends corresponding to the principal mRSA cap sit'es were capped (Cowie et al.. 1982. accompanying paper),
We concluded in a previous report (Kamen et al., 19806 ) that the 5' ends of viral mRNAs expressed in polyoma virus-transformed rodent cell lines mapped within viral sequences at approximately the same positions as the early region mRNXs synt'hesized during productive infection. This conclusion was confirmed by the high-resolution S, mapping data shown in Figure 9 . All of the transformed rat or mouse cell lines examined had mRNAs with 5' ends in the nucleotide 145 to 156 region. In other experiments, not' shown. we obtained the same results with mRS4 from a set of rat cell lines transformed by recombinant plasmids containing all or part of the polyoma virus early region. This demonstrat'es that the polpoma virus early promoter functions in the integrated state. The analysis of viral nRNA in productively infected cells. described in the previous section, was complicated by the circularity of the viral genomr and the apparent absence of efficient transcriptional termination. Transformed cell lines, part,icularly those in which the structure of the integrated viral DNA is wellknown, afford a simpler system with which t'o ask whether the mRXA 5' termini correspond to those of nuclear precursors. We therefore used the S, nucleasr method to map t'he 5' ends of nuclear viral RNA in a number of t'ransformed rat and Figure 10 demonstrate, with one exception, that the predominant nRNA 5' termini correspond to those of the principal mature mRNAs in the nt145 to ntl55 region.
The exceptional instance was rat line BE-l, which yielded a pattern of S, products strikingly similar to that of nRNA from productively infected cells, as shown in the adjacent gel track (Fig. 10) . The BE-l cell line contains two copies of the viral DNA fragment from BclI to EcoRI (nt5022 clockwise to nt1565, see Fig. 1 ) integrated in tandem (Novak et al., 1980) . Each of these fragments includes a functional early region promoter (Treisman, 1981 ), but lacks the major viral early region polyadenylation site. Transcripts initiated at the first promoter would continue across the second promoter region. The second promoter region therefore is in a position topographically similar to the single promoter region present in a circular genome at late times of infection. The results obtained with line BE-l therefore support the hypothesis that the heterogeneous pattern of 5' termini found with nuclear RNA from infected cells results from readthrough transcription rather than multiple initiation sites.
(e) Early region mRIVL4s produced by viable deletion mutants A diagram relating the positions of the wild-type polyoma virus early mRKA 5' ends to other features of the beginning of the early coding region and its 5'.flanking sequences is shown in Figure 11 . The principal 5' termini (nt145 to nt156) lie approximately 30 bases downstream from a TATA box, and about 90 bases from the limit of sequences known to be important for viral DXA replication (indicated as ORIGIN in Fig. 11 ). This limit was defined by a number of viable deletion mutants isolated in several laboratories (Bendig & Folk, 1979 : Griffin & Maddock. 1979 : Magnusson & Berg, 1979 : Wells et al., 1979 . which together define a "non essent'ial region" extending from after the high-affinity large T protein binding sit,e (Gaudray et al., 1981) to just before the translational initiation codon (Fig. 11) . Surprisingly, this non-essential region includes the principal mRNA 5' end sites and t,heir associated TATA box. It was therefore of considerable interest to map the 5' ends of the mRNAs produced by several of t,he viable deletion mutants in order to assess the consequences of removing a sequence element strongly implicated as an important component of eukaryotic promoters (Breathnach & Chambon. 1981) . The t~hree rnubnts selected for study (Fig. 11 ) all lack the TATA box. Mutants dl 17 and dl 75 also lack the mRNA 5' end site sequences. dl 17 and dl 2-19 grow nearly as well as wild-type virus, hut dl 75 is partially defective in early gene expression (Bendig it al.. 1980) . In preliminary experiments. we examined the early region mRNAs ext)racted from mutant-infected mouse cells 30 hours post-infection by one and two-dimensional S, nuclease/agarose gel mapping. We found normally spliced mRNAs with all three muta,nts. The 5' colinear segments of dl 17 aud dl 75 early region mRNAs were approximately the same length as those of wild-type virus. Mutant, dl 2-I 9 produced highly heterogeneous 5' colinear sequences. most of which were longer than normal. Mutants dl 17 and dl 2-19 synthesized normal levels of early region mRNAs, but dl 75 overproduced these molecules b-y about tenfold at late times during infection.
The 5' ends of the deletion mutant mRNAs were posit,ioned more accurat)ely 1)~ high-resolution S, gel mapping. The probes used were homologous single-stranded DNA fragments, labelled at the HinfI site (cf. Fig. 1 ). Results obtained with dl 17 mRNA demonstrat'ed two principal 5' t,ermini ( Fig. 12(a) , t,rack 1 : Fig. 12(b) , tracks 1 and 2) at ntl64f2 and nt'58+2. These positions are just before and just after the deleted sequences (see t'he diagram in Fig. 12(b) ). There were a multitude of other less prominent S,-resistant DNA products, indicative of a number of alternat,ive 5' termini at the positions indicat,ed in Figure 1 l(b) . The locations of t.hc principal dl 17 5' termini and the occurrence of minor alternatives were confirmtd by primer extension analysis (Fig. 3. track 4) . To ask whether any of these termini corresponded to those of minor species also present, among transcript's of now deleted viral genomes. we annealed wild-type and tsa shift-up RNA preparations to the deletion mutant HinfI DNA probe. Because S, nuclease does not efficient'ly cleave the DNA strand of a DK.&RS-4 hybrid opposit,e a single-st.randed RSX loop, S, -resistant DNX products generat,ed with non-deleted RN.4 would have the same lengths as those produced by transcripts of the delet'ion mutant DXA with 5' ends at the corresponding positions. Hybridization of wild-type mRS=2 t'o the dl 17 DXA probe (Fig. 12(a) . track 2) yielded, in addition to a very prominent product mapping the 3' limit of the deletion (generated by mR,NAs n-it,h the principal 5' ends at nt,l45 t,o nt.l,56 or other 5' ends wit.hin the deleted sequences). a dist.ribution of minor ones consistent with the results presented in Figures 2 and 4 . Comparison of the results obt)ained with dl 17 mRSX and wild-type mRSA4 ( Fig. 12(a) . tracks 1 and 2: Fig. 12(b). t nt20 and nt300+1.
('areful inspection of Figuw 12(a) (track 2) and Figuw 12(h) (tracks 3 and 6) revealed that the principal df 17 mRSAA 5'end at nW+P is pr~st~nt at a very low level in wild-type or tsa shift-up mRSA pwparations. Moreort~r,. RSX with 5' rnds at this place is relat)irely abundant in t,sa shift-up nucalear R.K.4 ( Fig. 1 B( are also present as faint bands in control mRNA tracks, but these are difficult to see in the photographs because they lie just, below the very dark bands corresponding to the 3' limit of the deletion. Similar analysis of dl 75 mRNA ( Fig. 12(a) , tracks 3 and 4) demonstrated principal 5' termini mapping 3' to the deletion at positions (f2 nucleotides) 173, 179, 184 and 189. The primer extension result shown in Figure 3 (track 7) is consistent with this conclusion. Other 5' ends found with the S, technique mapped 5' to t)he deletion at positions 74, 69 and 58. but these were relatively minor. In addition.
all of the products corresponding to minor ones in tsa shiftup mRSA were somewhat over-represented ( Fig. 12(a) , tracks 3 and 4). The majority of the early region mRNA produced by dl 75 thus start within and after the protein synthesis initiation codon at positions 173 t,o 175 (cf. Fig. 11 ). This explains a paradox.
Bendig et al. (1980) observed that dl 75 synthesized very reduced amounts of early proteins.
However, we found that dl 75 over-produced early region mRNA by tenfold relative to the wild-type virus. We infer from t,he mapped positions of the principal 5' t,ermini of dl 75 early region ytoplasmic transvripts that the majorit'y of these "mRSAs" lack t,he init,iation codon and t'hus could not be normally translated.
Therefore, normal levels of large 'I' protein are not attained. and early strand transcription is not repressed. Mutant dl 2-19 has a deletion beginning at the same point as that in dl 17. hut it retains nine more nucleotides of wild-type sequence (Fig. 1 I ) including some of the seyuences determining the principal 5' ends of wild-type mRNAs. The data shown in Figure 13 imply that dl 2-19 mRSAs have very heterogeneous 5' ends. including major species extending well into the lat,e region of the genome. A significant fraction of molecules had 5' ends at, t,he nt IS+ 2 principal 5' end site. The 5' end at nt58f2, which is the major one in dl 17 mRKA. was minor, while the next most TCRTGGRTRG  RGTTCTGRGC  RGRGCTGRCR  RRGRRRGGCT  GCTRGRACTT  CTRRRRCTTC  -RGTRCCTRTC  TCRRGRCTCG  TCTCGRCTGT  TTCTTTCCGR  CGRTCTTGRR  GRTTTTGRRG   180  190  200  210  220  230   CCRGRCRRCT  RTGGGGGGRT  TTTGGRRGRR  TGCRGCRGGC RTRTRRGCAG  CRGTCRCTGC   GGTCTGTTGR  TRCCCCCCTR  RRRCCTTCTT  RCGTCGTCCG  TATRTTCGTC  GTCRGTGRCG   240  250  260  270  280  290   A?-TRCTGCRCCC  RGRCRRRGGT  GGRRGCCRTG  CCTTRATGCR   RTGRCGTGGG  TCTGTTTCCR  CCTTCGGTRC  GGRRTTRCGT   300  310  370  330 FIG:. 14. The early promot)er region of polyoma virus DNA. The portion of the strain A2 genomic DNA sequence (Soeda rt al.. 1980) extending from just before the replication origin into the beginning of the earlv portion coding region is shown. The upper strand has t,he 5' t,o 3' polarity of early region mRS.4s. l'ositions of A' termini mapped in this paper are shown with arrows above the DNA sequence. with error margins of +2 bp. The principal termini. localized by S, mapping (Fig. 4) to ntl47 +2 and ntl54k2 are shown with larger arrows. Minor 5' trrmini are indicated by smaller arrows. The data for the minor 5' termini upstream of the principal cap sites (at positions 5230. 5265. 5260. 527.5. 5280, 14. 20. 38 and 59) are in Figs Y(b) (track 1). 4 (tracks I to 4). 6 (tracks 6 t,o IO). I I (a) (tracks 2 and 4). 1 l(b) (tracks 3 to 5). Only the most prominent of the minor 5' ends located downstream of the principal sites. at nt300+2. is included in the Figure. It was clearly detected by both S, gel mapping (see. for example. Fig. %(I)) ) and by primer extension (Fig. 3. track 8) and. moreover, \vas re~ativrly enriched among mRNAs of the viable deletion mutants (Fig. 1 I(a) . tracks I and 3). Other faint S,-resistant I)SA products smaller than t,he principal ones (detected. for example. in Fig. 2(b) ) could represent RSA nicking or internal S, cleavage and have therefore not, heen considered signiticant at this time. Several DNA sequences of interest are delineated. There are 3 TATA box-like sequences (underlined). at nt5278 to nt6284. at ntl%O to ntl29. and at nt270 to nt,27X. The 3 sequences ending with ('-A-ATCy boxes discussed in the text and -4 compared in Fig. I,? . are delineated with overlining. Repeats of the sequence 5'T(:-A-(Lt~-C 3' aw indicated hy double underlining beknv the appropriate I)SA st,rand. Two of the three A-(: -A-(:-(: -(' repeats between nt3X and nt64 are required for large T protein binding to the viral 1)X4 and thus ma? constit)ute a high-affinity binding site for this molecule (Gaudray rt nl., 1981) . The possible signiticanw of the related but inverted R-fold repeat from ntlB4 to nt138 is discussed in the text. The approximate limits of contiguous sequence required for viral I)NA replication. detined by viable deletion mutants (Herrdig & Folk. 1979 : Hendig rt ~1.. 1980 : Magnusson 6 Berg. 1979 : (iriftin & Maddock. 1979 : Tyndall rt nl.. 1981 (:. Magnosson. personal communication) , are indicat,ed by ORI. The translational initiation codon (posit,ions 173 to 17.5) is underlined. Hyphens have been omitted for clarity. 216 I< K .A .\I E: s R7' .-I I, abundant. dl 17 mKX.4 5' end (that at nt164+2) was ttot found. Other St-resistant DNA product,s generated with dl 2-19 mRN.4 map t.hr 5' ends at positions tiX. 20. 14. 5280, 5275 a,nd 5230 also present in wild-type early region mRSr2s at lo\v Ir\els (see Fig. 14) . From analyses like those shown in Figure 5 . we deduced t,hwt the> specific products mapping apparent early rnRN*A 5' ends at approximat8el> positions 5180, 5170. 5150 and 5125 (Fig, 13 ) arc' KS& lCS:i annealing shadows representing the heterogeneous A' ends of late region I,-l)XAA strand transcript,s: their existence proved only that 5' tertnini of many early region tnliN.;,-\s in dl 2 IOinfected cells overlap those of the late rrgion tnRSAs.
The three deletion mutants discussed above wtbrc derived from the A3 strain (11' polyoma virus. This strain lacks nucleotidrs 44 to 54 of the A2 strain (Soeda P/ c/l.. 1980). which is our standard wild-type virus and the parent of cottdit.ional tnutant t,sa. To demonstrat,e t,hat the observed differences between wih-type or tsa carI> region mKT\'Xs and those of the deletion mutants art not influenced lty this additional delet,ion. we have also characterized the tnKS;\s produced by strain X3 viable mutant, CR (Fig. 11) . This is an A3 virus with a small additional dt~letiott that remoras nuclrotides 8A t'o 97. The 5' cuds of ('1~ mrsscygers UY'IY indistinguishable from those of wilti-type A2 viruses (data not sho\~n).
Discussion
This is t.he first of a series of papers in which MY characterize t.hc poIyoma virus early region transcript.ional promot.er by st,udying its funct,iotr. both %rr POW and i/r tqitro, in the wild-type &ate and after genetic manipulation. The primary goal of the experiments reported here was to tnap accurately the 5' trrmini of transcripts synthesized under a variety of conditions during the productive infec%ion of permissive cells and in virally transformed cell lines. This informat)ion was essential for the interpretation of subsequent rxprrimettts to identify T)SA squcn~ elements responsible for the specification of transcription and it,s regulation by the large T protein (Tyndall et al.. 1981 : de Villiers Cy Schaffner. 1981 : Gaudray et (lb.. 1981 : Jat et al.. 1982 . The results arc of further pract'ical utility in the constructiott of vectors using potyoma virus sequences to protnot.c t,he expression of ot.hcr rukaryotic genes. Previous characterizat,ion of the 5' termitti of polyoma virus late region transcripts and of those of SY40 late and early region mRSAs ((:hosh it r/l.. 1978u.6, 198Oa,6: Lai rt ~11.. 197X: Reddy et nl.. 1978 : ('anaani ct (xl.. 1979 : Flavell et al.. 1979 : Haegeman & Piers. 197H.1980 : Kaharm rf al.. 1981 : Treisman, 1980 established the prrcedcnt,s for hctth macroand microh&erogeneity.
We were therefore not surprised hy t,hc rather complex results obtained.
which are summarized in Figure 14 . minor cap site at ntl6, which agrees with the position of the minor 5' end at nt14+2 deduced from S1 mapping. This 5' end occurs 31 bp downstream from the TATAbox (Fig. 14) and is located at a position analogous to that of the SV40 major early region cap sites (Ghosh & Lebowitz, 1981) . (4) Results of S, nuclease and primer extension measurements suggested that, the principal 5' termini of mRNAs synthesized during productive infection occur at multiple positions bet,ween nt'l45 and nt156 in the genomic DN,4 sequence. within a region that is 23 to 36 bp after a TATA box-like element (Fig. 13) . 8, mapping data. such as shown in Figure 4 (track 3), suggested that there were a minimum of two 5' ends. at nt147 +2 and at, nt154+% (Fig. 14) . This conclusion also pertained to mRNAs and nuclear RNAs present in a variety of virally transformed cell lines (Figs 9 and 10 ). The present data, however, do not allow t'he exact assignment of terminal nucleotides or demonst'rat'e that these termini are caapped. We have directly analysed the terminal T, oligonucleotides of chemically decapped and (5'. 321')-labelled tsa shift-up mRNAs. These experiments are described in the accompanying paper, but the conclusions inferred are germain t,o the present discussion and will therefore be summarized briefly here. We found that t'he cap sites correspond to the A residue at nt153. the tT residue at ntl51, the C residue at nt,l50, and to the G residue at nt148 (see Fig. 13 ). The two pyrimidine cap sit'es were relatively minor. We also observed, however. that a significant' proportion of the mR?u'As had capped 5' ends apparently formed by the "back-slippage" of oligonucleotide primers corresponding to different lengths of the sequence from the =\ residue at nt153 to the I' residue corresponding to nt156. ((logen. 1978; Kamen it (II.. 1980a,b) . demonstrated significant differences in t'he distribution of t,ermini within the nt148 to nt,l53 region (Figs 2 and 4) . In particular.
only the mRN.4 overproduced after inactivation of the large T protein had large relative amounts of the S, product) corresponding to the G t,erminus at nt148 (see Fig. 4 In all S, nuclease or primer extension analyses of RNA from infected cells, we detected a minor 5' end located at nt300 +2 (Fig. 14) . Since this was found with both techniques, it is probably not a methodological artifact. This conclusion is strengthened by t)he observat'ions t)hat (1) the minor 5' fand o(~curs at the samcl relative level among transcripts produced in vitro (,Jat rl 01.. 1982) . (2) The terminus at nt300 & 2 is much less abundant in nuclear RNA ( Fig. 7, nRNA tracks) . showing that it is not a result of S, nuclease "cut-t)hrough" or reverse transcript)ase stops. (3) Certain deletion mutations that virtually abolish initiation at the principal cap sites in Gtro still yield normal levels of t,his minor 5' end (P. Jat rf al.. (Fig. 14) . We infer that t,his 5' end indicates a second early region initiation site. This, howevrr, would lie some 125 bp within the early region coding sequences. Its physiological significance is unknown. (Ghosh olr Lebowitz, 1981) . As we now ha,vca major reservations concerning this interpretation of the data, it is important) to take this opportunity to discuss t'he situation in d&ail. We first compare t,hr polyoma virus early promoter' region wit,h that of SV40. The polyoma virus principal cap sites alp some 150 bp r'emot,e from the replica.tion origin (Figs 11 and 14) wit,hin a region not, homologous t.o any sequences found in SV40 DISA. The H-40 principal cap sites (Ghosh & Lcbowitz. 1981) , by contrast. are very near t,he highly conserved papovavirus origin region, which contains a TATA box-like element (nt.5278 to nt5283 in polyoma virus DNA, see Fig. 14) . The SV40 principal cap sites are about 30 bp after the counterpart of this element in SV40 DNA. Two of the minor polyoma virus upstream 5' termini indicated in Figure 14 . at nt14f2 and at nt20f2 (see Fig. 2 (b). track 3: Fig. 12(a) , tracks 2 and 4: Fig. 12(b) , track 3; for data supporting these assignments). are at positions in the polyoma sequence analogous to the SV40 principal cap sites. The 5' end at nt 14+2 has been correlated with a very minor capped 5' end at the G residue corresponding to ntl6 (see Fig. 14) found by analysis of terminal T, oligonucleotides (Cowie et al., 1982) . We infer that the origin region of pol,voma virus DNA retains some of the promoter function of the homologous sequences in SV40 DNA. but that this polyoma promoter is very inefficient.
Of the other minor 5' termini indicated by S, nuclease analysis. those at, about' nt.5275 and nt5280 (Fig. 14 for relevant data: see, for example. Fig. 12(b) ) probably represent the cleavage of a highly U-rich region within continuous hybrid. A similar phenomenon has been reported with SV40 (Hansen et al., 1981) . This demonstrates only that some RNA molecules extend to positions beyond nt.5275. The minor 5' termini at nt5260 and nt5230 in the polyoma sequence (Fig. 14, cf . Fig. 12(b) , track 6) ma\ cxorrespond to the upstream termini identified in SV40 by Ghosh 8 Lebowitz (1981) . but, we have no evidence that they are indeed cap sites. \Z'e have. however. excluded the possibilit)y that these polyoma virus 5' termini are artifactually produced by RNA-RNA self-annealing (see Fig. 5 ). We know furt'her that polyoma virus mRNA preparations that contain relatively large amounts of longer species include molecules with 5' ends extending beyond nt,5230. These are not indicated in Figure 14 , because RNA-RNA annealing prevent)ed the mapping of their 5' termini by t,he S, or primer extension techniques.
The following observations caution against t,he interpretation that large T protein repression causes a shift towards an upstream promoter:
(1) t,he recovery of polyadenylated cptoplasmic mRNAs with the longer 5' regions was variable among many RSA preparations:
(2) nuclear viral RNA. at' late times during infection. caomprised giant species produced by continuous t)ranscript'ion around the circular penome. These molecules had very heterogeneous 5' termini. many of which correlated with the 5' ends of the longer "cyt,oplasmic" mRSAs.
There was far more nuclear than cytoplasmic RNA at such late times. making contamination a major problem. Only those 5' ends of nuclear RNA corresponding to the principal cap sites were indeed capped (Cowie et al.. 1982 . accompanying paper). M'e therefore suspect t,hat the other termini are processing rat'her than initiation sites. (3) Early region transcripts with 5' ends upstream of t,he principal cap sites are uncommon among the various transformed cell lines studied (cf. Figs 9 and 10). One cell line, however. produced nR,NA molecules wit'h heterogeneous 5' termini essentially identical to those present at late times during productive infection ( Fig. 10. track BE-l) .
This cell line (BE-l : Novak rf nl.. 1980) contains two fragments of viral DNA (extending from about nt5022 clockwise to ntl560: see Fig. 1 These observat,ions. taken toget,her. suggest that the produ&on of "mRSrZs" with longer 6' regions at l&e t,irnes during infect.ion results from inefficient termination. transcription around the c*iwular genome. and the subseclurnt cleavage of the giant transcripts at a multitude of points. some of which are in the origin region. Whether such cleavage product,s can serve as mKNAs if cxport.ed to the qtoplasm is not known. Fenton & Basilic0 (personal c~ommunic:ation) have found that longer early region spwies can be det,wt,ed on gels fravt iomt ing evtoplasmic RNA extracted from wlls at, lat)e times during inftxetion. They also noted that there is an open codon reading frame (from ut;',2Z to nt122) availa.ble in such moletwles, which could encode an additional viral gene produet. Se\-eraI viable delet,ion mutants exist that interrupt t,his potcntid coding region. ho\rwer. and therefore the putat,ive protein cannot be essential.
We have ident,ified three regions of polyoma virus 1)NA that are likely to include early mKIL'A cap sites (Fig, 14) : the "SV10-like" region from nt16 to ntl0, t'tic principal cap site region from ntl4X t,o ntl;i3, and the further minor .',' end at nt300fZ. Each of these follows a sequence rela~ted to the TATA consensus by the usua,l distance. X second conserved sequence element. (Fig. 11) . As illustrated in Figure 15 , t)here is also cvnser'vat,ion of sequence just 5' to
